Acute effects of winter-type air pollution characterized by high levels of SO 2 , moderate levels of particles, and low acidity were studied. A panel of 155 asthmatic children and 102 adults with a history of asthma from the former German Democratic Republic cities of Erfurt and Weimar and from the Czech Republic city of Sokolov participated from September 1990 through June 1992. The panelists recorded daily symptoms, medication intake, and peak expiratory flow (PEF). Statistical analysis was based on linear regression of population-averaged time series controlling for trend, meteorology, and autocorrelation. A temporospatial time series approach was also applied to the data to eliminate possible confounding by some known or unknown variables that occurred simultaneously in two of the study areas. Weak same-day effects and a stronger cumulative effect of air pollution on children was observed both for PEF and for symptoms. PEF decreased -0.90% (-1.35 to -0.46%), and a symptom score increased 14.7% (0.8-28.6%) in association with an average increase of 128 fxg/m 3 SO 2 over the previous 5 days. Effects on adults were smaller and less consistent. Morbidity of children was best predicted by SO 2 and sulfate concentrations. The authors conclude that prolonged, high exposure to winter-type pollution was associated with small adverse health effects in asthmatics. Am J Epidemiol 1996;144:570-81. acid aerosols; air pollution; asthma; child; peak expiratory flow rate Air pollution has been implicated to exacerbate preexisting respiratory disease as was reviewed recently (1-3). In panel studies, acute effects of particles on the incidence of respiratory symptoms (4-8) and decrease in lung function have been observed (4, 5, 7, 8) . Furthermore, asthmatic patients have been found to increase their bronchodilator use in association with air pollution (4, 7). Inhalable particles rather than gaseous pollutants like SO 2 have been shown to be most closely associated with the adverse health effects. Most of the evidence was collected in the United Received for publication October 10, 1995, and accepted for publication April 24, 1996.
States, where particles currently are the predominant pollutants.
In this paper, we report on the first panel study to assess acute health effects of air pollution conducted in Eastern Europe. Panels of children with asthma and adults with a history of asthma were studied after the German reunification in the autumn of 1990. Participants resided in two of the most polluted cities in Eastern Germany, Erfurt and Weimar, and across the border in Sokolov, Czech Republic. The conditions of exposure in these three Eastern European cities differed distinctly from those in the United States. After the energy crisis in 1982, state policy in Eastern Germany and in the Czech Republic mandated the substitution of imported oil or coal for local fuel sources, such as using brown coal in power plants. SO 2 concentrations were still high at the beginning of the 1990s despite improved pollution control. Levels of particles were only moderate despite high SO 2 concentrations (9, 10) . Particle acidity was mostly below the detection limit, and ammonia concentrations were high (9, 10) . Acute effects of air pollution on daily mortality were reported for a 10-year period (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) in Erfurt, but in general there are few European studies of short-term effects of air pollution (11) (12) (13) . Respiratory morbidity was assessed by daily measure-ments of peak expiratory flow (PEF) and by recording respiratory symptoms and the use of asthma medication in a daily diary. Data on two consecutive winters (1990/1991 and 1991/1992 ) were used to analyze the impact on respiratory morbidity of SO 2 , total suspended particulates, particles with a diameter less than 10 /xm (PM 10 ), sulfate concentrations of particles with a diameter less than 2.5 fim (SO 4 ), and acidity of particles with a diameter less than 2.5 jim (particle strong acidity).
MATERIALS AND METHODS

Study area
The cities of Erfurt (200,000 inhabitants) and Weimar (60,000 inhabitants) are located in the southern part of Eastern Germany on the northern slope of the Thiiringer Forest, a mountainous area approximately 1,000 m above sea level. Frequent temperature inversions trap air pollutants in winter. Brown coal and briquettes with a sulfur content up to 4 percent (14) were widely used for central and domestic heating. They were the main source for emissions of SO 2 and particles. The third study area was Sokolov, an industrial city in the northwest Czech Republic with a population of 60,000. Situated in the valley of the river Ohre, Sokolov is less than 50 km from the GermanCzech border and less than 150 km from Erfurt and Weimar. Large strip mines for brown coal production and a power plant were located near the city.
Weather data and air pollution
Ambient temperature, relative humidity, and levels of SO 2 and total suspended particulates (TSP) were measured continuously at all three sites in centrally located monitoring stations that were part of the local air monitoring networks (9, 10) . Twenty-four-hour mean determinations were from midnight to midnight. From January 10 through June of 1992, additional monitoring stations, which gravimetrically measured PM 10 using a Marple-Harvard impaction sampler (M S & T Air Sampler, Air Diagnostics & Engineering, Harrison, Maine), were installed in Erfurt and Sokolov (15) . Twenty-four-hour sampling started at 8:00 a.m. Acid aerosols were determined every other day from December 1990 to September 1991 and daily from October to June 1992 at the same location and with the same schedule. The sampling locations were selected to represent the exposure of the population and to avoid local emissions that might distort the results, such as ammonia from local wastewater treatment plants or traffic-related pollutants. Sulfate concentrations of particles with a diameter less than 2.5 /i,m (SO 4 ) were quantified by ion chromatography, and the acidity of these particles was measured by a semimicro-combination pH electrode (16) . A detailed description of the exposure assessment and measurement methods has been given elsewhere (9, 10) .
Study population
A total of 112 nonsmoking adults aged 32-80 years and 163 children aged 7-15 years were recruited from children's hospitals and outpatient clinics on the basis of a lifetime diagnosis of asthma. Subjects had to have visited the local pulmonary specialist at least once a year during the last 2 years. Patients on continuous oral cortisone therapy as well as bedridden patients were excluded. Panelists from Erfurt and Weimar lived within the city limits, whereas panelists from Sokolov lived within a radius of 25 km of the city. Eight children and 10 adults were excluded from the analyses because they participated less than 4 weeks, returned diaries irregularly, or showed no variation in PEF for more than 2 weeks (we suspected that they did not perform the peak flow maneuvers or did not record them accurately). Analyses were based on data for 102 adults and 155 children. At the beginning of the study, a basic questionnaire was administered to obtain information on the history of respiratory disease. At some time point during the study period, an independent physician assessed the disease status of the panelists (table 1) .
Assessment of health outcomes
PEFs, the occurrence of acute respiratory symptoms, and medication use were recorded in a daily diary. Data collection started in September 1990 in Erfurt and for children in Weimar. Adults from Weimar joined the study in September 1991. Data collection in Sokolov began in January 1991. To attain optimal data quality, a study coordinator at each location remained in touch with all panelists throughout the data collection period. PEF was measured using a mini-Wright peak flow meter (Clement Clarke International, Essex, United Kingdom) with a range of 60-800 liters/minute. Each participant was instructed individually in the use of the PEF meter, including breathing technique, proper positioning, and maintenance of the instrument. Measurements were performed in the morning and in the evening before and 10 minutes after medication use. Three maneuvers were performed each time, and the highest measurement was recorded in the diary. Examination of the first 2 weeks of the PEF data suggested that several panelists had a variability in their peak expiratory flow that most likely was attributable to a learning process. To eliminate this invalid data, the first 2 weeks of data Am J Epidemiol Vol. 144, No. 6, 1996 collection were considered a learning period and were excluded from all analyses. Different symptom questionnaires were used for adults and children. Respiratory symptoms in children were assessed using binary variables, whereas ordinal variables were used in adults. For the children, a symptom score with a maximum of 7 was constructed by assigning numerical values to the presence or absence (+1 or 0, respectively) of the following symptoms: cough during the day, cough during the night, phlegm, runny nose, dyspnea at night, dyspnea at rest, and dyspnea on exertion. For the adults, a symptom score consisted of the sum (with a maximum of 13) of positive answers for the following conditions: feeling bad (1 point) or very bad (2 points) during the day, feeling bad (1 point) or very bad (2 points) during the night, coughing often (1 point) or cough attacks (2 points), breathing difficulties (1 point) or severe breathing difficulties (2 points), much phlegm (1 point), asthma attack (2 points), sore throat (1 point), and chest pain (1 point).
Doses and brand names of asthma medication were recorded in the diary. Doses of theophylline and cortisone were converted to milligrams, and the number of puffs were counted for beta-2-agonists. Sprays that contained a combination of cortisone and beta-2-agonist were not available in the region. Contrary to the practice in Western Europe and the United States (17), maintenance medication like theophylline or cortisone was taken as needed.
Statistical methods
Analyses presented here focus on acute effects of air pollution typical of winter weather conditions. The winter periods (from September through March) of 1990/1991 and 1991/1992 included the entire heating seasons, which generally start in September. Regression analysis of population-averaged time series and a temporospatial approach were used to control for possible confounding by time-varying influences both on peak expiratory flow and on symptom score.
Population-averaged time series. Each panelist's mean PEF over the entire study period was subtracted from his or her maximum PEF at each reporting period to obtain a deviation in PEF. The mean deviation in PEF was then calculated for all participating panelists. The symptom score both for children and adults was transformed by the natural logarithm after adding one half. Each panelist's mean transformed score over the entire study period was then subtracted from the panelist's transformed symptom score for each day to obtain a daily deviation. The mean deviation in the transformed symptom score for all panelists was then calculated. The mean deviation in PEF in the evening before medication use and the mean daily deviation in symptom score were used as dependent variables in linear regression analyses. The PEF in the morning was not considered as an outcome variable in the analyses presented here. Regression analyses were weighted by the number of observations of the outcome variables to adjust for fluctuation of participants on a given day.
Autocorrelation of the error term was examined using autoregressive integrated moving averages; a statistically significant first order autocorrelation structure of the errors was detected in the partial autocorrelation function. Higher order autocorrelation was not included inasmuch as the Durbin-Watson test statistic showed that the errors remaining after the regression were uncorrelated. The model selection was performed stepwise. Quadratic trend, quadratic temperature, quadratic relative humidity, wind speed, and direction were not included in the statistical analyses because they were not significantly associated with peak expiratory flow or symptom score. The final model included 24-hour mean temperature, relative humidity, and correction for a linear trend in the data. The model assumptions were validated by residual plots separately for each city and panel for deviations both in PEF and symptom score. Both immediate effects and lagged impacts of the air pollution on morbidity were considered. Polynomial distributed lag structures provide a powerful tool to estimate the impact of prior days jointly (for details, see Appendix). To obtain the best fit, second order polynomials including 3-7 days before and third order polynomials including 5-9 days before were examined separately for each panel, location, winter, and pollutant. Higher order polynomials or longer time frames were excluded a priori. For both the peak expiratory flow and the symptom score, the data indicated the presence of lagged air pollution effects with a maximum occurring between 2 and 4 days before. To quantify these effects, a 5-day mean was used to estimate the cumulative impact of air pollution as has been proposed by Pope and Dockery (5).
Regression analyses were conducted separately for children and adults in each city and winter. Results were examined for heterogeneity graphically and with a Chi-square test. In most instances, no heterogeneity was detected; the exceptions (p < 0.1) are discussed in Results. Combined effect estimates were calculated for children and adults by computing the mean of the regression coefficients weighted by the inverse of the corresponding variances based on the effect estimates for the two winters and the three cities. The mean standard error of the mean was calculated as the inverse of the square root of the sum of the weights. The estimates for PM 10 were based only on the panels from Erfurt and Sokolov during the second winter (the only period and locations when PM 10 was measured). Data on acid aerosol exposure were available for Erfurt during both winters and for Sokolov during the second winter only. Regression coefficients were expressed as the change in the outcome variable associated with an increase of one interquartile range of the air pollutant. The interquartile range was calculated based on all observations in the three cities during the two winters. Using the computation above for the interquartile range might result in smaller reference values for Erfurt and Weimar than for Sokolov. These exposures, nevertheless, did occur repeatedly in all three locations. Regression coefficients estimated for PEF were expressed as percentage of change from 250 liters/ minute. Effect estimates for the symptom score were expressed in terms of an increase relative to one unit of symptom score (100 percent = log (1 + 0.5)).
Temporospatial approach. Weimar and Erfurt are about 25 km apart. We have confirmed that they experienced practically the same daily weather conditions (temperature, relative humidity, and barometric pressure). Some peak exposures to total suspended particulates and sulfur dioxide (the only two pollutants monitored in both cities) occurred in both cities simultaneously. Frequently, however, peak exposures were experienced in one of the cities but not in the other. This situation enabled us to employ a temporospatial time series design in which daily differences in the variables (daily peak flow recorded before medication intake or the logarithm of symptom score + 0.5) were regressed on daily and 5-day mean differences in the independent variables (daily levels of SO 2 and total suspended particulates). This procedure not only eliminated the need for the inclusion of temperature or relative humidity in the regression, but it also corrects by design for other known or unknown variables (possible confounders) that occur simultaneously in both cities (e.g., other weather variables, epidemics of respiratory disease, possible exposures to allergens, and some lifestyle factors if they occurred in the two locations on the same day). These known confounders when corrected for by statistical methods could possibly lead to an overestimate or, more likely, an underestimate of the strength of the relation between the dependent and independent variables, as could the omission of unknown confounders. Regression analyses were carried out as follows:
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where v, = pv,-1 + e,,e, independently identically normally distributed, y, is the daily difference in the peak flow or log (symptom score + 0.5) obtained in each city, and X\, is either the daily difference between levels of SO 2 or the daily difference between levels of TSP obtained in Erfurt and Weimar. Harmonic waves with a period of 1 year and half a year were included to eliminate a seasonal pattern in the data. Smaller periods became insignificant. The model was fitted using a first order autoregressive error term. Higher order autocorrelation was not included inasmuch as the Durbin-Watson test statistic showed that the errors remaining after the regression were uncorrelated.
RESULTS
Study population
A total of 155 children with asthma participated and contributed 28,635 person-days during the two winters. A dropout of participants occurred from the first to the second winter, but the composition of the cohorts did not change with regard to general characteristics such as age, sex, and disease status (table 1). The diagnosis of asthma was confirmed for children from Erfurt and Weimar. Fifteen percent of the children from Sokolov were not classified as asthmatics by an independent diagnosis but had asthma symptoms and took asthma medication. The use of asthma medication was more prevalent and more regular in Erfurt and Weimar than in Sokolov. More than 80 percent of the children from Eastern Germany but only 20 percent of the children from the Czech Republic used betaagonists. At all three locations, shortages in supply with medication occurred sporadically. The 102 adults with history of asthma participated at all three locations, providing 18,301 person-days to the analysis. Prevalence of ever-diagnosed asthma was higher in adult panels from Erfurt and Weimar than in the panel from Sokolov (table 1) . Chronic cough was very prevalent, and theophylline was used to treat chronic bronchitis. The adults were highly medicated, and most took asthma medication regularly.
Exposure
Levels of SO 2 and TSP differed in the three locations. The highest SO 2 concentrations were measured in Weimar ( figure 1, table 2 4 ), which were of comparable levels in both cities. Levels of particle bound acidity was generally low in both cities, with the highest values obtained in Sokolov during both winters. All measures of particles (TSP and PM 10 ) and the acid aerosols were highly correlated with correlation coefficients between 0.63 and 0.88 (9) . The only exception was particle strong acidity, which in Sokolov showed a weak association (r = 0.43) with TSP and PM 10 .
Acute effects of air pollutants
In the combined analysis (all three cities combined), weak associations between decreases in peak expiratory flow in the evening before medication use and increased levels of air pollution on the same day were observed for children (table 3) . Only the associations with PM, 0 and PEF reached statistical significance {p < 0.05). Stronger associations were obtained for 5-day mean concentrations of air pollution (same day and 4 previous days) and peak expiratory flow in children. A cumulative effect on lung function appeared to be present for all air pollutants with the exception of PM 10 for which the effect estimates for cumulative exposure and for exposure on the same day were equal. SO 4 remained the strongest predictor for decreases in PEF of all pollutants when SO 4 and the other pollutants were included simultaneously in the models (data not shown). Air pollution on the current day showed no relation to the symptom score on the t TSP, total suspended partlculates; PM, 0 , particulate matter with an aerodynamic diameter less than 10 urn; PSA, particlestrong acidity.
same day (table 4), although symptoms were associated with a 5-day mean of SO 2 . Separate effect estimates for the three panels and two winters showed a considerable variability (figure 2), but no heterogeneity was detected using a Chi-square test. Larger cumulative effects than concurrent effects of SO 2 were observed in most cases. Whereas associations between t TSP, total suspended particulates; PM, 0 , particulate matter with an aerodynamic diameter less than 10 jim; PSA, particlestrong acidity. SO 2 and PEF appeared to be stronger in the second winter, increased symptoms were more often reported during prolonged SO 2 episodes in the first winter. Heterogeneity of the estimates was detected for a 5-day mean of PM 10 , reflecting a strong positive association between a 5-day mean of PM 10 and symptom score in Sokolov children but not Erfurt children.
Effects estimates for the children were generally larger and more consistent than for the adults. Air pollution on the same day was not significantly associated with PEF, and only a 5-day mean of TSP was associated with PEF in adults (table 5) . Furthermore, air pollution on the same day was not associated with symptoms in adults in the combined analyses (table 6) . Elevated levels of TSP, PM 10 , and particle strong acidity still were associated with increased symptoms in the panel from Erfurt in the second winter, and 5-day mean concentrations of SO 2 , PM 10 , and particle strong acidity were related to an increased number of symptoms. When the estimates stratified by city and winter were examined (figure 3), associations were found to be statistically significant only between SO 2 and PEF during the second winter.
A temporospatial time-series approach as described above was utilized to control for some known and unknown possible confounders that vary simultaneously in Weimar and Erfurt. The temporospatial approach regressed the differences in the health outcomes on the differences in SO 2 and TSP between Erfurt and Weimar (tables 7 and 8). A weak but statistically significant association between the daily differences in SO 2 and the daily differences in peak expiratory flow for the children was observed. None of the other calculated slopes for the daily differences or the differences in 5-day mean between the two cities for either of the two pollutants had values statistically significantly different from zero in spite of the frequent differences in daily levels of air pollution between the two cities.
DISCUSSION
A small decrease in pulmonary function and a small increase in reported symptom score associated with air pollution were observed in children with asthma in this study. These effects became more pronounced when a 5-day mean was used to represent cumulative effects of exposure to ambient air pollution. Adults with a history of asthma showed small decreases in lung function and reported more respiratory symptoms in association with prolonged air pollution episodes. Cumulative acute effects of winter-type air pollution have been reported twice in panel studies (5, 7). Pope and Dockery (5) found a decrease in PEF in association with a 5-day mean that was four times larger compared with same day effect estimates for PM 10 . Roemer et al. (7) calculated an effect estimate twice as large for a 7-day mean of PM 10 as for concurrent concentrations.
The dominant air pollutant in all three locations was SO 2 , which frequently exceeded the current World Health Organization standards of 125 /ig/m 3 throughout the study period. Prolonged exposure to SO 2 concentrations was associated with decreases in PEF in children and with increases in symptoms in children and in adults. Decreases in PEF in association with SO 2 were three times larger in children than in adults. Children and adults showed different associations with respect to measures of fine particles such as PM 10 and SO 4 . An increase of 52 p-g/m 3 PM 10 was associated with a 0.43 percent decrease in evening peak expiratory flow for children with asthma. The effect estimate was similar to the estimate of 0.42 percent for an increase of 52 /i.g/m 3 PM, 0 obtained from a metaanalysis reported in a recent review (1) . Although no cumulative effect for PM 10 was observed in children, some indications for a cumulative effect of PM 10 on PEF and symptoms were observed in adults. Sulfates could serve as a proxy measurement for fine particles generated in prolonged air pollution episodes dominated by high SO 2 concentrations. Although pro- t TSP, total suspended particulates; PM, 0 , partjculate matter with an aerodynamic diameter less than 10 u/n; PSA, particlestrong acidity. t TSP, total suspended partJculates; PM, 0 , particulate matter with an aerodynamic diameter less than 10 nm; PSA, particlestrong acidity.
longed exposure to SO 4 was the strongest predictor for a decrease in PEF for the children with asthma, no consistent effects were observed for adults. In our study, air pollutants were highly correlated so that it was difficult to separate out the contributions of individual air pollutants given the small effects observed. It is hypothesized that SO 2 might be an indicator for particulate air pollution characterized by PM 10 or SO 4 (3), but it might also be a surrogate for other unmeasured combustion products of brown coal in Eastern Europe.
When the regression results for each location and winter are examined separately, variability in the effect estimates is apparent. These inconsistencies could be due to several factors. First, the first winter included a recruiting period at all locations. The combined analysis, however, accounted for the differences in data density by weighting the effect estimate by the inverse of its variance. Second, the compositions of the air pollutant mixtures might have been different in the three locations with respect to unmeasured components such as chemical composition of particles or the number of ultrafine particles. Third, the severity of asthma and the medical treatment of the disease did differ between the locations. Children from Eastern Germany (Erfurt and Weimar) were more likely to have more severe asthma and to use more asthma medication than children from Sokolov. The adults who had history of asthma used asthma medication frequently. Medication use and disease status could have acted as effect modifiers. In previous studies, children with mild respiratory disease and no treatment with asthma medication appeared to be a sensitive subgroup (4, 5, 8) , whereas studies on asthmatic patients failed to show consistent associations (19) (20) (21) (22) . This fact might explain why only the healthier children from Sokolov showed an association between symptoms and increased levels of PM 10 . Medication use might have prevented or reduced adverse health effects of air pollution in children from Erfurt and Weimar and adults at all locations, as has been shown in experimental settings (23) (24) (25) .
Additional sources of bias include the possibility of inadequate control for confounding and misclassification of exposure or health outcomes. To control for those known confounders such as weather and some possibly unknown confounders that occur simultaneously in both cities, the daily differences in symptom score and in PEF between the two cities were regressed on the daily and 5-day mean differences in the levels of air pollutants of the two neighboring cities, Weimar and Erfurt. A regression analysis performed on differences between variables is bound to result in a loss of statistical power. In this case, however, used as a procedure to eliminate the effect of several confounders, it provided us with additional assurance about the validity of the relation obtained by regressing the variables themselves in each city separately. Therefore it is unlikely that large relations between the dependent and the independent variables have been masked by confounders that vary simultaneously in the two cities.
In an atmosphere with high SO 2 concentrations, small decreases of lung function and increases in symptoms were observed in association with SO 2 and sulfate concentrations of fine particles for children, with still weaker effects for adults. We wish to emphasize that these results may not be generalizable to other panels of subjects with asthma. It is important to remember that the mix of pollutants is very different from the usual mix of pollutants present in Western countries, particularly the United States, where many of the previous studies have been carried out. Given the high concentrations of SO 2 in our study area, levels of PM 10 sulfates and acidity in particular were surprisingly low. Oxidation of SO 2 might have been incomplete, and neutralization by ammonia appeared to play an important role (9, 10) .
The role air pollution plays in asthma in Eastern Europe remains an open question. Cross-sectional studies showed the prevalence of respiratory symptoms to be elevated in the more highly polluted East German cities, such as Leipzig (26) and Erfurt (27) , compared with the less polluted cities in West German cities, such as Munich (26) and Hamburg (27) . Air pollution has not been shown to be of primary importance in affecting the prevalence of asthma in these studies (26) (27) (28) paring an urban region in Poland with rural and urban regions in Sweden (29) . These findings indicated that air pollution was not a primary risk factor for the development of asthma. We are conducting additional studies to understand the acute and chronic effects of air pollution in Eastern Europe.
